The small ribosomal RNA, or 15S RNA, of yeast mitochondria is coded by a mitochondrial gene. In the central part of the gene, there is a guanine-cytosine (GC) rich sequence of W base-pairs, flanked by adenine-thymine sequences. The GC-rich sequence is ( 5 1 ) TAGTTCCGGGGCCCGGCCACGGAGCCGAACCCGAAAGGAG (3').We have found that this sequence is absent in the 15S rRNA gene of some strains of yeast. When present, it is transcribed into the mature 15S rRNA to produce a longer variant of the RNA. Sequences identical or closely related to this GC-rich sequence are present in many regions of the mitochondrial genome of Saccharomyces cerevisiae. The y and 3' terminal structures of all these sequences are highly constant.
INTRODUCTION
We have determined previously the nucieotide sequence of the gene coding for the small ribosomal RNA (15S rRNA) of the mitochondria from Saccharomyces cerevisiae (1, 2) . The sequence showed several unusual features. In the central part of the gene, we have noticed the presence of a long stretch of almost pure adeninethymine bases (AT bases). Within this AT sequence, there is a short sequence of W base-pairs very rich in guanine and cytosine (GC). This GC-rich sequence (or GCcluster) is remarkable in that very similar sequences are found in many regions dispersed on the yeast mitochondrial genome. We report here that this particular GCcluster is absent in the ribosomal RNA gene of some yeast strains and that, when present, it is transcribed into the mature 15S rRNA.
MATERIALS AND METHODS
Strains. The gene studied has been isolated from the strain P2 which is a rho" derivative of our standard rho + strain MH<tl-7B O, 1 *). Mitochondrial RNA was prepared from the same strains as well as from two other rho + strains, MH41-l*7A/4 (isomitochondrial with Mmi-7B) and FF1210-6C (unrelated to the MH<*1 series (5)). Preparation of DNA. Mitochondrial DNA was extracted from DNase-treated mitochondria and purified by centrifugation in CsCl gradients (6) . For the isolation of the 15S rRNA gene fragments, the mitochondrial DNA of the strain P2 (tandem repeats of 5.4 kilobases) was digested by appropriate restriction endonucleases and the fragments that can hybridize with labelled 15S rRNA were identified by Southern technique (7). The fragments were eluted from agarose gels by electrophoresis into a dialysis bag in a Tris-borate buffer 25 mM, pH 8. Alternatively, the fragments were eluted from acrylamide gels by diffusion in 500 mM NhtyCl, 50 mM Tris-HCl, 1 mM EDTA, pH 8.5. The eluate was passed through a small DEAE-cellulose column, then the DNA was eluted with 2M NaCl and precipitated with two volumes of ethanol. Preparation of 15S rRNA. Mitochondrial RNA was extracted from purified mitochondria according to Faye et al. (8) . The RNA was fractionated by agarose gel electrophoresis. The purity of the 15S rRNA was checked by electrophoresis on 2.5 % polyacrylamide gels (9) .
Labelling and sequencing of DNA were performed essentially according to Maxam and Gilbert (10) .
SI endonuclease mapping (11) . DNA fragments were labelled at 5 1 or 3 1 ends (10), then the strands were separated by electrophoresis on 5 % polyacrylamide gels. The DNA bands were excised, extracted by diffusion in the ammonium chloride buffer (above) and ethanol precipitated. The template strand (or its complementary strand as a control) was incubated with 15S rRNA in a solution containing 0.8 M NaCl, 10 mM PIPES, pH 7.8 and 10 mM EDTA, at 60°C for 15 hours. The hybrids were digested with SI endonuclease (Boehringer, 9000 Ando units/ml) for 30 minutes at 37°C. The digested material was electrophoresed on polyacrylamide sequencing gels (6 or 8 %), and autoradiographed on a KODAK X-O-MAT/R film with intensifying screen (Du Pont, Cronex). The size of the DNA fragments were determined against reference ladders which were sequencing samples of DNA fragments of known nucleotide sequence.
RESULTS
Restriction map and the sequence of the 15S rRNA gene Figure la shows the restriction map of the 15S rRNA gene, as established for the strain MHf 1-7B and its rho-derivatives (12) . An analogous map has been obtained by Tabak et al. (13) for a different strain (Figure 1b ), but there is one major difference between the two maps : our strain contains two additional Hpall sites, 7 bases apart, in the central part of the gene. Furthermore, the region carrying these Hpall sites appears to contain a supplementary sequence of about 160 base-pairs. This region of the gene shows another difference when compared to the E. coli 16S ribosomal RNA sequence determined by Carbon et al. (1«) and by Brosius et al. (15) . In fact, we found that the above mentioned excess region of the mitochondrial gene is completely different from the E. coli sequence, with 1*5 bases in excess. Within this part, there is a very GC rich sequence about 40 base-pairs long, which is flanked by AT sequences on both sides. The whole excess region is included in a Hinfl restriction fragment, 560 base-pairs long, of the mitochondria] gene (see Figure la) . Structure and transcription of the GC-rich sequence
Since the presence of an additional sequence in the Hinfl 560 fragment suggested a possible insertion of a particular DNA sequence in the 15S rRNA gene, we first examined whether this part of the gene is conserved in the mature 15S rRNA, using the SI endonuclease mapping technique of Berk and Sharp (11) . The Hinfl 560 fragment was labelled with 32p on either 5' or 3' ends and the strands were separated by electrophoresis. The template strand was hybridized with 15S rRNA to form a DNA-RNA duplex, then digested by SI nucJease which is single strand-specific. If the entire copy of the Hinfl 560 sequence is present in the mature 15S rRNA, a full length Hinfl 560 strand should be recovered after the nuclease treatment. If, on the contrary, the DNA carries an insertion whose copy is excised during maturation of the rRNA, the hybrid will contain a DNA loop which will be cut off by the nuclease ; we will recover then a shortened DNA. An experiment of this kind is known in Figure 2 . We found that the 15S rRNA from the strains MH41-147A/4 and P2 protected completely the Hinfl template strand against the nuclease. We concluded therefore that the whole sequence of the Hinf 560 region is transcribed into the mature 15S rRNA, without excision, in these strains.
In contrast, when we hybridized the same Hinfl fragment with the 15S rRNA of another strain, FF1210-6C (whose genetic history is quite different from the MH41 series), we found that the hybrids were sensitive to the nuclease. The digestion products were shorter than the original DNA fragment and appeared to contain at least two components (Figure 2 ). This case was examined more in detail in Figure 3 . When 5' endlabelled Hinfl template strand was hybridized to FF1210-6C 15S rRNA, the digestion products of the hybrids gave three signals : a major band of about 428 bases and two minor ones, about 410 and 447 bases long. When the DNA was labelled at the 3 1 end, we detected again three classes of digestion products : approximately 131 (predominant), 112 and 149 bases long. Although we observed a series of inaccurately digested material for each class, the sums 410 + 149, 428 +131 and 447 + 112 give a constant value which is close to the whole Hinfl 560 fragment. This result can be explained as follows.
The GC-rich sequence contained in the Hinfl fragment can be folded into a base paired structure shown in Figure 4a . Such a structure is probably present when the single strand fragment is incubated for hybridization. While the RNA from the MH41-137A/4 strain will displace the hairpin to form a perfect hybrid, RNA that does not have a homologous sequence will not and the paired region will remain resistant to the nuclease. The lengths of the three fragments we have found after digestion could correspond to three cuts at the positions indicated by arrows in the Figure 4a . The lengths of fragments, determined either from the 5' end or from the 3' end agreed well with this scheme. The accuracy of the size determination is within 5 bases.
Because of the presence of the GC-cluster, the 15S rRNA from the strains MH41-7B and MH41-147A/4 should be slightly longer than that from the strain FF1210-6C. A direct comparison of the two RNA by co-electrophoresis has indeed revealed a detectable difference in their electrophoretic mobilities (data not shown). The 15S rRNA of FF1210-6C migrated faster than that of other strains.
DISCUSSION
Absence of the GC-cluster in the 15S rRNA Rene of certain strains of yeast The mitochondria! DNA of yeast has been studied in detail by many laboratories on several defined strains of Saccharomyces cerevisiae. It has been shown that the , ? a) The coding strand of the H1nfl 560 fragment was P labelled at 3 1 end and hybridized with 15S rRNA from the strain FF1210-6C. The hybrids were dioested with nuclease SI, electrophoresed and autoradiographed. b) Similar experiment, except that the same H1nfl 560 DNA was labelled at 5' end ; 1n this case, the radioactive band of 560 bases is due to a contamination of the complementary strand which protected a fraction of the labelled strand.
organization of the mitochondrial genome is essentially the same for all of them (order and distance of genes), but that the internal organization of individual genes varies considerably. For example, the gene coding for the 2 IS rRNA may or may not contain the insertion called u (16, 17, 18, 19) ; the cob genes coding for the cytochrome b can vary in the number of introns they carry (see review, ref. 20) . The case of the GC-cluster in the 15S rRNA gene is also an example of such a polymorphism of genes, since this sequence appears to be absent from the strain studied by Tabak et al. (13) , as judged by The GC-cluster described here contains also two Hpall sites overlapping with two Haelll sites. Examples of sequences related to this sequence is presented in Table 1 . A striking feature of these sequences is that the 5' and 3' extremities are remarkably constant.
The y ends begin, after an AT-rich flanking sequence, with TAGT(_) (exceptionally TAAGTT) and terminate by AAGGAG (exceptionally GAGGAG, or AAGGATG) followed by an AT-rich flanking sequence. The u insertion found in the to strains does not show any obvious relation to this GC-cluster. However, the "mini-insert" described in the 21S rRNA gene of some strains (19) has several features in common with the insertion found in the 15S rRNA gene : both structures show practically identical parts of sequence (boxed in Figure 4 ). The ends of the GC-cluster, attacked by the nuclease in SI mapping, have the sequences identical to the junction points of the mini-insert. Note that the orientations of the two insertions are different within the respective rRNA genes. It is not known whether the mini-insert is transcribed into the mature 21S rRNA. We may wonder why there are so many related GC-rich sequences spread over the mitochondria! genome of Saccharomyces cerevisiae. These sequences have not been found in other species of yeast examined (Kluyveromyces lactis, Hansenula mrakii, Saccharomycopsis llpolytica, Fukuhara, unpublished). Other classes of GC-rich repetitive sequences are however present in Neurospora crassa (Pst I containing sequences (23) ) and in K. lactis (SacII containing sequences, Fukuhara, unpublished).
It is tempting to postulate that the GC-cluster and its variants may have an intrinsic property of propagating in the mitochondrial DNA. The constancy of the terminal nucleotide sequences (TAGT and AAGGAG) may play a role for insertion. The AT rich sequences, which are abundant in this genome, may be a preferred target (or tolerated place) for insertion, since the family of GC-cluster are most often found within such sequences.
